Angiotensin II receptor blockers have beneficial effects in patients with cardiac diseases. We examined the effects of an angiotensin II receptor blocker, telmisartan, on cardiac remodeling in renovascular hypertensive rats. Telmisartan was administered to renovascular hypertensive rats at either a high dose (5 mg per kg per day; high-T group) or a low dose (0.5 mg per kg per day; low-T group). After 4 weeks, histomorphological studies, including an evaluation of cardiac fibrosis, hypertrophy, vascular changes and measurement of the serum aldosterone concentration, were performed. A significant reduction in systolic blood pressure was obtained in the high-T group, and the heart weight to body weight ratio in the high-T and low-T groups was significantly lower than that in the control renovascular hypertensive group. Cardiac and perivascular fibrosis and the accumulation of collagen were significantly suppressed in the high-T and low-T groups. An increase in the cross-sectional area of the myocytes and vessel hypertrophy were significantly prevented in the high-T group, but not in the low-T group. The dependence of myocyte lengthening on the blood pressure was also prevented in the high-T group, but not to a significant degree. The elevation of the serum aldosterone level observed in the renovascular hypertensive group was prevented in both the high-T and low-T groups.Treatment with telmisartan strongly suppresses the progression of cardiac fibrosis, rather than cardiac hypertrophy, in a manner that is independent of the blood pressure.
INTRODUCTION
The renin-angiotensin-aldosterone system is involved in tissue remodeling mechanisms in hypertension and other cardiovascular diseases such as chronic heart failure, 1,2 left ventricular hypertrophy and myocardial infarction. Angiotensin II type 1 (AT1) receptor blockers (ARBs) are beneficial for the treatment of hypertension and patients with an independent risk for cardiovascular diseases, especially congestive heart failure. 3, 4 Cardiac hypertrophy is strongly related to mortality because of cardiovascular disease during antihypertensive treatment. 5 As cardiac fibrosis is closely related to the development of cardiac hypertrophy, a drug that could suppress the development of cardiac fibrosis would reduce the cardiovascular risk of patients. Many recent clinical and experimental studies have suggested that aldosterone might induce cardiac hypertrophy through the same pathway as angiotensin II (Ang II). 6 Consequently, both ARBs and aldosterone blockers should directly inhibit cardiac hypertrophy and fibrosis independent of a reduction in blood pressure. As ARBs mainly inhibit the action of Ang II by inhibiting the AT1 receptor, an increased plasma level of Ang II would stimulate Ang II type 2 (AT2) receptors and exert cardioprotective effects by blocking the AT1 receptor. 7 On the other hand, both cardiac hypertrophy and fibrosis reportedly occurred after aortic banding in AT1 receptor knockout mice. 8 Therefore, both cardiac hypertrophy and cardiac fibrosis might be induced through other unknown pathways besides AT1 receptor stimulation. Although there are many ARBs, the differences in the class effects of each ARB are not well understood. The metabolic pathways of telmisartan differ from those of other ARBs. 9 We investigated the effect of telmisartan on cardiac remodeling in renovascular hypertensive (RHT) rats by measuring physiological parameters and histological alterations to elucidate the distinct progressive mechanism of fibrosis and hypertrophy.
METHODS Animals
This study was conducted in accordance with the guidelines of the Guidance Committee of the Jikei University School of Medicine for the Use and Care of Animals. The investigation conformed to the Guideline for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) . RHT rats (Goldblatt rats) were surgically prepared from male Wistar rats (body weight: 130-150 g) as described elsewhere. 10 The systolic blood pressure of the operated rats increased to over 140 mm Hg after 1 week.
Experimental groups
Four experimental groups were used: (I) a control group that consisted of normal Wistar rats matched for age (C group, n¼8); (II) a group of RHT rats that did not receive antihypertensive treatment (RHT group, n¼8); (III) a group of RHT rats given a high dose of telmisartan (5 mg per kg per day for 4 weeks; high-T group, n¼8) and (IV) a group of RHT rats given a low dose of telmisartan (0.5 mg per kg per day for 4 weeks; low-T group, n¼8). The drug was administered in the rats' drinking water from weeks 2 to 5 postoperatively. The concentration of telmisartan was adjusted according to the rats' body weights (BWs) and changes in water intake. The amount of drinking water, in which the telmisartan was dissolved, was measured every day. Earlier studies have reported dosages of angiotensin-converting enzyme inhibitors and ARBs capable of decreasing blood pressure by B15-20% in hypertensive rats. 11, 12 We used these earlier findings as a guide to set the high and low doses of telmisartan (5 and 0.5 mg per kg per day, respectively) used in this study.
Physiological measurements
Systolic blood pressure and diastolic blood pressure were measured using the tail-cuff method (BP-98A; Softron, Tokyo) every other week after the operation; the heart rate was also determined at the same time. At the end of treatment, the rats were weighed and their blood was collected under sodium pentobarbital (5 mg kg À1 i.p.)-induced anesthesia. Then, phosphate buffered saline (136.8 mM NaCl, 2.7 mM KCl, 8.1 mM Na 2 HPO 4 and 1.46 mM KH 2 PO 4 ) was perfused through the abdominal aorta and the heart was removed and immediately placed in ice-cold phosphate buffered saline. A cross section of the heart was fixed in 10% formalin for histological analysis.
Histological study
The fixed cardiac tissues were embedded in paraffin, and sectioned into 4 mmthick slices. Myocardial preparations of each group were stained using the following stains: Masson's trichrome stain for the detection of cardiac fibrosis, Sirius red for the detection of collagen and anti-Connexin 43 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for the detection of myocyte size. To estimate the degree of myocardial fibrosis, photomicrographic figures were digitalized using a Nikon digital image system (Nikon E990, Tokyo, Japan). The total myocardial area and the area of fibrosis in the myocardial tissue were assigned numerical values using NIH imaging software (National Institute of Health, Bethesda, MD, USA); the area of myocardial fibrosis was then normalized by the cross-sectional area (CSA) of the myocardial tissue of the left ventricle. The cell length and CSA were measured using the method reported by Obayashi et al. 11 An immunohistochemical study was performed using the anti-Connexin 43 antibody and a streptoavidin-biotin staining kit (Nissui, Tokyo, Japan). In this study, 40-50 myocytes from each rat were randomly selected to determine the cell size.
Morphological study of coronary vascular changes
Images of the coronary microvessels were also digitalized using NIH imaging software 13 to assess perivascular fibrosis and vascular wall hypertrophy of the medial smooth muscle, as described earlier. 14 In each rat, three or four coronary vessels with a luminal diameter of over 70 mm were selected. The perivascular fibrosis to luminal area ratio and the medial vascular wall thickness to luminal area ratio were calculated. The morphometric measurements were performed under a magnification of Â400.
Measurement of serum aldosterone concentration
In each group, the concentration of serum aldosterone was measured using the enzyme antibody method according to the instructions provided by the manufacturer's kit (SRL, Tokyo, Japan).
Statistical analysis
Statistic analyses were performed using the SPSS 11.5J software package (SPSS Japan Inc., Tokyo, Japan). Values were expressed as the mean±s.e.m. Differences among the groups were tested using a one-way analysis of variance (ANOVA) combined with Scheffe's post hoc test. A value of Po0.05 was considered statistically significant.
RESULTS

Physiological parameters
The systolic blood pressure, diastolic blood pressure, heart rate, BW and heart weight to body weight (HW/BW) ratio for each group are shown in Table 1 . The systolic blood pressure and diastolic blood pressure significantly increased in the RHT group but were effectively lowered in the high-T group. However, the blood pressure in the low-T group was similar to that in the RHT group. The heart rate was significantly elevated in the RHT group (Po0.05) compared with in the control, but no significant difference in the heart rate was observed between the two treatment groups. The HW/BW ratio was significantly increased in the RHT group, compared with in the control group, but it was significantly lower in the high-T group (À22.2%) and the low-T group (À11.1%), compared with the RHT group.
Measurement of myocardial fibrosis area
Masson's trichrome stain (blue) was used to show fibrosis in the myocardial tissues, as shown in Figures 1a-d. Staining for fibrosis was observed mainly at the periphery of the vessels, and the percentage of cardiac area with fibrosis was clearly higher in the RHT group (Table 2) . However, the fibrotic area was significantly lower in the high-T group and the low-T group, compared with in the RHT group (Table 2) . This decrease was independent of the blood pressure level.
Perivascular fibrosis and vessel hypertrophy in cardiac tissue
In the RHT group, the fibrotic tissue caused significant hyperplasia, mainly around the vessels. However, perivascular fibrosis was clearly inhibited by telmisartan in both treatment groups (Figures 2a-d) . The extent of perivascular fibrosis was calculated by dividing the stained area by the luminal area (Table 2 ). In the RHT group, the ratio of perivascular fibrosis was significantly larger than that in the control group (Po0.05), whereas the ratio of perivascular fibrosis was significantly smaller in both of the telmisartan treatment groups ( Table 2) .
The progression of vessel hypertrophy was calculated by dividing the medial wall thickness by the luminal diameter (Figures 2a-d , Table 2 ). The ratio of vessel hypertrophy in the RTH group was Table 1 Effects of telmisartan on physiological parameters after 4 weeks of treatment Control RHT High-T Low-T SBP (mm Hg) 127 ± 2 2 2 2 ± 9* 171 ± 6* , ** 226 ± 6* , *** DBP (mm Hg) 97 ± 4 1 6 4 ± 9* 141 ± 5* 165 ± 5* , *** HR (b.p.m.) 402 ± 12 459 ± 13* 452 ± 13 443 ± 11 BW (g) 311 ± 7 2 3 6 ± 15* 275 ± 7 3 0 9 ± 8** HW (mg) 902 ± 20 1070 ± 41* 951 ± 28 1213 ± 27* , ** , *** HW/BW 2.9 ± 0.1 4.5 ± 0.3* 3.5 ± 0.1* , ** 4.0 ± 0.2* , ** , *** Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; BW, body weight; HW, heart weight; HW/BW, heart weight to body weight ratio; RHT, renovascular hypertensive rats without treatment; high-T, RHT rat treated with a high dose of telmisartan (5 mg per kg per day for 4 weeks); low-T, RHT rat treated with a low dose of telmisartan (0.5 mg per kg per day for 4 weeks).
Values are the mean ± s.e.m. n¼6-8 for control, RHT, high-T and low-T groups. *Po0.05 vs. control; **Po0.05 vs. RHT; ***Po0.05 vs. high-T groups.
significantly larger than that in the control group (Po0.05), whereas the ratio of vessel hypertrophy in the high-T group, was significantly smaller than that in the RTH group; the ratio of vessel hypertrophy in the low-T group tended to be smaller than that in the RTH group, but the difference was not significant (Table 2) .
Accumulated collagen in the cardiac muscle
The percentage of the area containing accumulated collagen (interstitial and perivascular) was calculated by dividing the Sirius red stained area by the observed unit CSA of the cardiac muscle tissue; this value was higher in the RHT group than in the control group (Figures 3a and b , Table 2 ). However, the accumulation of collagen was strongly inhibited in both treatment groups (Figures 3c and d, Table 2 ).
Measurement of myocyte size
Cardiac muscle tissue was immunostained with anti-Connexin 43 to assess the myocyte size ( Table 2 ). The length of the myocytes and the CSA were significantly higher in the RHT group and low-T group than in the control group. The CSA of the myocytes increased depending on the level of hypertrophy (Table 2 ). This increase was observed in the low-dose telmisartan group, but not in the high-dose telmisartan group. The length of the myocytes seemed to elongate in a blood pressure-dependent manner. Abbreviations: cardiac fibrosis (%), ratio of cardiac fibrosis area to cross-sectional area of the heart; perivascular fibrosis (ratio), ratio of perivascular fibrosis to luminal area; vessel hypertrophy (ratio), ratio of medial vascular wall thickness to luminal area; accumulation of collagen (%), ratio of accumulated collagen fiber area to cross-sectional area of the heart; cell length (mm) and CSA (mm 2 ) of myocyte, 40-50 myocytes from each group were randomly selected to determine the cell size; RHT, renovascular hypertensive rats without treatment; high-T, RHT rat treated with a high dose of telmisartan (5 mg per kg per day for 4 weeks); low-T, RHT rat treated with a low dose of telmisartan (0.5 mg per kg per day for 4 weeks).
Cardiac fibrosis vs. cardiac hypertrophy after treatment with telmisartan
The larger cardiac fibrosis area in the RHT group was strongly suppressed by treatment with a low dose of telmisartan (low-T group), independent of the blood pressure level (Figure 4a , high-T group: 1.30±0.06% and low-T group: 1.80±0.23%, À70.9 and À59.6% vs. RHT group: 4.46 ± 0.47%; Po0.05, respectively). The CSA of the myocytes, representing the grade of cardiac hypertrophy, was larger in the RHT group (Figure 4b ; RHT: 183.2±4.2 mm 2 vs. 122.8 ± 7.2 mm 2 in the control group; Po0.05). This increase in the CSA was prevented by treatment with a high dose of telmisartan (high-T group: 136.1±5.5 mm 2 , À25.7% vs. RHT group; Po0.05), but not by treatment with a low dose of telmisartan (low-T group: 162.2 ± 7.4 mm 2 ).
Serum aldosterone level in the RHT group
The serum concentration of aldosterone was significantly increased in the RHT group (663 ± 102 pg ml À1 in the RHT group vs. 153±12 pg ml À1 in the control group; Po0.05), but not in the telmisartan groups (high-T group: 202 ± 15 pg ml À1 , low-T group: 182 ± 32 pg ml À1 ; NS vs. the control group). These results show that telmisartan might strongly inhibit increases in serum aldosterone by blocking Ang II receptors in both treatment groups.
DISCUSSION
Anti-hypertensive drugs do not always reduce blood pressure down to a normal level in clinical practice. Consequently, it is important to examine whether treatment with a low dose of ARBs, which may not have the desired anti-hypertensive effect, may nevertheless have beneficial effects regarding cardiac hypertrophy. Telmisartan significantly reduced systolic blood pressure when administered at a high dose, but not at a low dose; in addition, it prevented cardiac and perivascular fibrosis in RHT rats regardless of its dose level and in a manner that was independent of the extent of blood pressure reduction. Moreover, although some degree of cardiomyocyte and vessel hypertrophy was still observed in the low-dose telmisartan (low-T) group, cardiac interstitial fibrosis was clearly suppressed in this group. Furthermore, this anti-remodeling effect in the RHT rat was strongly inhibited in the high-dose telmisartan (high-T) group. The increase in blood pressure and the progression of cardiac hypertrophy observed in RHT rats result from the activation of the renin-angiotensin (RA) system. 15 As cardiac fibrosis is accompanied by the proliferation of cardiac fibroblasts and the accumulation of collagen, these changes lead to an increase in myocardial stiffness and cause a breakdown of cardiac function, 16 eventually resulting in heart failure. Earlier clinical and experimental studies have showed the beneficial effects of RA blockers against cardiac remodeling. However, the dosage of each RA blocker remains controversial; it is not clear whether a low dose of ARB exerts cardioprotective effects independent of the extent of blood pressure reduction. Our results suggested that the suppression of cardiac and perivascular interstitial fibrosis caused by telmisartan was independent of the extent of blood pressure reduction, whereas cardiomyocytic vessel hypertrophy was closely related to high blood pressure. In some earlier reports, telmisartan has been shown to exert anti-fibrotic effects by inhibiting several pathways (for example, gene expression of collagen and TGF-b, 
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PPARg-eNOS, oxidative stress and Rho-kinase pathway) in addition to its Ang II receptor blocking activity. 17 Telmisartan also prevented high salt-induced interstitial and perivascular fibrosis in the cardiac ventricle as well as fibrosis in the aorta but only partially affected ventricle hypertrophy. Thus, AT1 receptor stimulation seems to play a critical role in hypertension and fibrosis but a lesser role in tissue Low-T High-T RHT Low-T High-T RHT Figure 4 Differential effects of telmisartan on cardiac fibrosis (a) and CSA of myocytes (b). Values are the mean ± s.e.m. n¼6-8 for control, RHT, high-T and low-T rats. (a) Cardiac fibrosis (%), ratio of cardiac fibrosis area to cross-sectional area of the heart; (b) CSA (mm 2 ) of myocyte, 40-50 myocytes from each group were selected at random to determine the cell size; RHT, renovascular hypertensive rats without treatment; high-T, RHT rat treated with a high dose of telmisartan (5 mg per kg per day for 4 weeks); low-T, RHT rat treated with a low dose of telmisartan (0.5 mg per kg per day for 4 weeks).
Telmisartan prevents cardiovascular fibrosis M Kawai et al hypertrophy. 18 Furthermore, regarding the increase in collagen associated with fibrosis, the effect of telmisartan was shown in a report by Lijnen et al. 19 The effects of Ang II on collagen secretion and production in adult rat cardiac fibroblasts were found to be mediated by the AT1 receptor because they were abolished by the specific AT1-receptor antagonist telmisartan, but not by the specific AT2-receptor antagonist P-186. 19 It is likely that the anti-fibrotic activity of telmisartan is derived from this multi-factorial mechanism. Thus, telmisartan, which inhibits the activation of the RA system, seems to strongly inhibit the progression of cardiac interstitial fibrosis. A similar earlier study showed that low-dose candesartan does not prevent the occurrence of cardiac hypertrophy or cardiac fibrosis, even though the decrease in the blood pressure was almost the same as that in RHT rats treated with the angiotensin-converting enzyme inhibitor perindopril. 10 However, cardiac fibrosis was strongly prevented by low and high doses of perindopril and high doses of candesartan. The difference between these results and those obtained with telmisartan may reside in the differences between the mechanisms of action of telmisartan and candesartan. Most Ang II related functions in the cardiovascular system are generally attributed to the stimulation of AT1 receptors. 7 The action of Ang II may be inhibited by various ARBs, but the differences regarding the outcome of several kinds of ARB treatments do not seem to be related only to the binding affinity of ARBs to Ang II receptors.
Telmisartan is an AT1 receptor antagonist with a unique property; namely, it is also a partial agonist of peroxisome proliferator-activated receptor gamma (PPARg). Earlier studies have shown that PPARg activators suppress the expression of AT1 receptors. 20 Therefore, the dual inhibition of Ang II by telmisartan through the blockade and downregulation of AT1 receptors may lead to the complete inhibition of the RA system. This would explain the preventive effects of low doses of telmisartan on cardiac and perivascular fibrosis and interstitial collagen accumulation, despite the cardiac and vessel hypertrophy observed in the rats. Consequently, we suspect that the myocardial cellular hypertrophy observed in the untreated RHT rats may be mainly attributable to the action of AT1 receptors, whereas the differences in the cardioprotective actions of different types of ARBs are likely caused by other unknown mechanisms.
Another possibility is the involvement of aldosterone, which is known to induce cardiac hypertrophy and myocardial fibrosis directly 21 and to play an important role in the proliferation of cardiac fibrosis in hypertensive animal models. 22 Clinical and experimental studies have shown that treatment with an aldosterone blocker is effective against cardiac diseases. 23, 24 The aldosterone blocker spironolactone, either alone or in combination with valsartan, was shown to prevent the proliferation of interstitial and perivascular fibrosis in the hearts of RTH rats without causing a significant reduction in blood pressure. 25 The secretion of aldosterone is mainly promoted by Ang II in the adrenocortex through AT1 receptors; therefore, ARBs should inhibit aldosterone secretion. In the above-mentioned study, treatment with low-dose valsartan did not prevent the proliferation of cardiac fibrosis, suggesting that valsartan may not have any significant effect against aldosterone-mediated cardiac remodeling; however, telmisartan did inhibit cardiac fibrosis in this study.
Few reports have discussed the changes in aldosterone levels caused by ARBs. It is conceivable that metabolites of Ang II, such as Ang III, might also stimulate the synthesis of aldosterone. 26 The Ang II level may therefore increase as a result of stimulation through feedback pathways during ARB therapy; this would, in turn, increase the aldosterone level-in other words, an 'aldosterone breakthrough' would occur. Aldosterone breakthroughs have also been reported to occur during long-term ARB treatment in clinical and experimental studies. 27, 28 In this study, the serum aldosterone levels were measured in each group and both doses of telmisartan prevented an elevation in aldosterone in the RHT group. Telmisartan might strongly inhibit increases in serum aldosterone by blocking Ang II receptors in target organs. The present results show that telmisartan exerted a cardiovascular protective action and an antihypertensive effect; in addition, by strongly controlling the RA system through PPARg activation, it also inhibited the increase in serum aldosterone.
Recent clinical studies have shown that slight changes in blood pressure can affect the mortality and morbidity of hypertensive patients receiving treatment with anti-hypertensive drugs. 29 Therefore, the most important underlying factor for several cardiac abnormalities in hypertensive disease is the blood pressure level. The different blood pressure levels attained with the high dose and low dose of telmisartan in this study may have led to different cardiac abnormalities in our RHT rats. However, the level of blood pressure and the extent of cardiac or perivascular fibrosis were not significantly related in the telmisartan groups. These results suggest that the progression of cardiac hypertrophy in hypertension might be caused by different mechanisms from the progression of cardiac fibrosis, independent of the extent of blood pressure reduction.
